Abstract. Investigation of the effect of disintegrants on the disintegration time and hardness of rapidly disintegrating tablets (RDTs) was carried out using a quality by design (QbD) paradigm. Ascorbic acid, aspirin, and ibuprofen, which have different water solubilities, were chosen as the drug models. Disintegration time and hardness of RDTs were determined and modeled by executing combined optimal design. The generated models were validated and used for further analysis. Sodium starch glycolate, croscarmellose sodium, and crospovidone were found to lengthen disintegration time when utilized at high concentrations. Sodium starch glycolate and crospovidone worked synergistically in aspirin RDTs to decrease disintegration time. Sodium starch glycolate-crospovidone mixtures, as well as croscarmellose sodium-crospovidone mixtures, also decreased disintegration time in ibuprofen RDTs at high compression pressures as compared to the disintegrants used alone. The use of sodium starch glycolate in RDTs with highly water soluble active ingredients like ascorbic acid slowed disintegration, while microcrystalline cellulose and crospovidone drew water into the tablet rapidly and quickened disintegration. Graphical optimization analysis demonstrated that the RDTs with desired disintegration times and hardness can be formulated with a larger area of design space by combining disintegrants at difference compression pressures. QbD was an efficient and effective paradigm in understanding formulation and process parameters and building quality in to RDT formulated systems.
INTRODUCTION
Rapidly disintegrating tablets (RDTs), also known as orally disintegrating, orodispersible, fast melting, or mouth dissolving tablets, are tablets that disperse readily in the mouth, usually within seconds. The United States Food and Drug Administration (US FDA) defined an RDT as "a solid dosage form containing medicinal substance or active ingredient which disintegrates rapidly usually within a matter of seconds when placed upon the tongue" (1) . Such tablets are advantageous to patients with dysphagia or swallowing difficulties such as pediatric, geriatric, stroke, Parkinson's disease, or cerebral palsy patients as well as those who have undergone head/neck radiation therapy. Travelers who do not have access to water can also benefit from RDTs (2) (3) (4) (5) . Furthermore, RDTs provide a line extension opportunity for companies facing the end of patent protection for their products (6) (7) (8) .
RDTs have been formulated using several techniques, lyophilization, direct compression, molding, spray drying, and effervescence (7, (9) (10) (11) (12) (13) . Lyophilization and direct compression have become the most commonly used techniques. Lyophilized tablets have very porous structures and hence allow quick penetration of saliva resulting in faster disintegration. However, the high tablet porosity leads to poor physical strength, and the lyophilization process itself is less economical and not productive. On the other hand, direct compression tablets can be produced by existing tabletting machines as relatively hard tablets of low friability. The main disadvantage is that the tablets formed generally have slower disintegration than those produced by lyophilization. Direct compression requires the efficient use of disintegrant combinations in the formulation to enhance the breaking up of tablets in contact with water. First generation disintegrants are starches (e.g., corn starch, potato starch) and cellulosebased disintegrants (e.g., microcrystalline cellulose, low substituted hydroxypropyl cellulose). The need for shorter disintegration times or more efficient disintegrants led to the development of superdisintegrants such as modified c e l l u l o s e ( c r o s c a r m e l l o s e s o d i u m ) , c r o s s -l i n k e d polyvinylpolypyrrolidone (crospovidone) and modified starches (sodium starch glycolate) (14) .
Croscarmellose sodium is reported to aid disintegration by rapid swelling and wicking upon contact with water (2, 15, 16) . Wicking is a "whipping" action where material-air or material-material interface is spontaneously replaced by material-water interface and thus helps in maintaining capillary flow. The effectiveness of crospovidone has been claimed to be due to its high capillary activity through wicking with little swelling action (2, 17, 18) , mainly by swelling (19) , or by strain recovery or latent viscoelastic recovery (20) . Sodium starch glycolate is reported to work via rapid uptake of water and swelling (16, 18) . Microcrystalline cellulose, commonly used as filler in tablet formulations, is not considered to be a superdisintegrant but reported to possess good wicking properties and hydrogen bonds between adjacent matchstick-like bundles that break when exposed to water (21) .
The effectiveness of superdisintegrants has been well studied. Haware et al. reported the effectiveness of croscarmellose sodium, crospovidone, and sodium starch glycolate at different concentrations (3). Douroumis et al. reported the effects of compression force on cetirizine RDTs formulated with several superdisintegrants (22) . Martino et al. have reported the effects of compression pressure on disintegration with different disintegrants (23) . Some reports examined the effects of superdisintegrants but only using a single drug compound (22, 24, 25) . While many studies have examined the use of individual disintegrants, little emphasis has been placed on studying the potential synergistic effects between mixtures of disintegrants, as well as the possibility of improved disintegration by mixing functionally different disintegrants. The interactions of the disintegrants mixtures and their effects on RDT formulations have not been well studied. Hence, it is worthwhile to acquire an in-depth understanding of the effects of mixing disintegrants with different kinds of active ingredients to prepare RDTs.
Quality by design (QbD) paradigm can be useful to understand the effects of disintegrant blends and select disintegrants at particular concentrations for optimal RDT formulation. QbD emphasizes that product and process understanding should be enhanced on the basis of sound scientific principles and design efforts to achieve predefined objectives (26) (27) (28) (29) . Design of experiments (DOE) and response surface methodology (RSM) are useful components of this paradigm to produce a design space for the input variables of the formulation (30) . DOE and RSM allow the collection of data with much fewer runs than would be possible with a traditional experimental design, where one variable is changed at each time. DOE in combination with RSM can fit linear or quadratic functions while assessing response surfaces and thus provide mathematical models of output responses as a function of input variables (30) . Optimal settings of these input variables will further lead to achieve desirable performance of the formulation.
In this study, the design space will be the multidimensional region of disintegrant attributes and compression pressure (input variables) within which the disintegration times and hardness of RDTs (output responses) will remain within specifications. RDTs with mixtures of the disintegrants, croscarmellose sodium, crospovidone, sodium starch glycolate, and microcrystalline cellulose, were prepared via direct compression at various compression pressures. Three actives with different water solubilities, ascorbic acid (freely soluble in water), aspirin (slightly soluble), and ibuprofen (practically insoluble), were used with the disintegrant mixtures. DOE and RSM were employed to generate the experimental matrix for the experiment, in which several components such as disintegrant mixture composition and compression pressure were concurrently varied. Combined optimal design was implemented for eliciting the effect of disintegrants mixtures (mixture component) and compression force (numeric-process factor). The objective of this study was to investigate possible synergistic behavior of disintegrants in ascorbic acid, aspirin, and ibuprofen RDTs. The relationships between compression pressure, disintegrant mixture, disintegration time, and hardness were also evaluated to explore design space for RDTs.
MATERIALS AND METHODS

Materials
The active pharmaceutical ingredients (APIs), ascorbic acid, and aspirin were obtained from Chempure Pte. Ltd., Singapore, while ibuprofen was from CFS (S) Pte. Ltd., Singapore. Mannitol (Pearlitol 400 DC) was the main filler and was obtained from Roquette, Lestrem, France. The disintegrants, microcrystalline cellulose (Avicel PH-102) and croscarmellose sodium (Ac-Di-Sol) were sourced from FMC Biopolymer, PA, USA. Sodium starch glycolate (Primojel) was obtained from DFE Pharma, Goch, Germany. Crospovidone (Kollidon CL-SF) was obtained from BASF, Ludwigshafen, Germany. Magnesium stearate was purchased from Productos Metalest, Spain. APIs were passed through a 500-μm aperture size sieve before use. All other materials were used as received and used percentage concentrations are based on w/w.
Experimental Design
A combined optimal design was crafted using DesignExpert 8.0.7.1 (Minneapolis, MN, USA), comprising five mixture (variable fraction) components (croscarmellose sodium (CCS), crospovidone (CP), sodium starch glycolate (SSG), microcrystalline cellulose (MCC), and mannitol) and one numeric factor (compression pressure). Our aim was to use disintegrant mixtures≤10%, which represent the variable fraction (four disintegrants and one filler) of the tablet composition. Thus, five variable fraction components were each set to range from 0-10% of the tablet composition, with the total sum of the five components being 10% of the tablet composition. The API used comprised 50% of the composition and magnesium stearate (Mg St) was used at 0.5%. Mannitol was also used as filler in the remaining fraction of the total composition. Compression pressure was set as a discrete variable with four levels (88.7, 177.3, 266, and 354.7 MPa). An IV-optimal, reduced quadratic x quadratic model was selected. IV optimality is desirable for RSM where prediction is important. The algorithm picks points that minimize the integral of the prediction variance across the design space. The experiment was designed as 1 block. A total of 55 runs was generated, and the runs were randomized to avoid systematic error. Each set of 55 runs was prepared for an API. Tablets prepared were tested for disintegration time and hardness.
Preparation of Tablets
Mannitol, active ingredient, and disintegrants were weighed out and manually mixed in a polyethylene bag for 8 min. Magnesium stearate was added to the mixture and further blended for 2 min. The blend was compressed using 8-mm flat-faced punches in a manual press (Natoli Engineering Company, MO, USA). Compression pressures used were as determined by the RSM. A total of twenty tablets (each weighing 200 mg) were compressed per run, and tablets were stored for at least a week before testing.
Disintegration Test
US FDA described RDT as a solid oral preparation that disintegrates rapidly in mouth. Based upon the USP disintegration test method and apparatus (for conventional tablets), the disintegration time of RDT should be less than 30 s. No specific disintegration test method is identified for RDT by the US FDA (1). European Pharmacopeia (EP) has defined RDT as tablets which disperses or disintegrates in less than 3 min using the conventional disintegration test method and apparatus (31) . Japanese Pharmacopeia (JP) has not suggested any particular disintegration test method and apparatus for RDT (32) . Since no special disintegration apparatus and method has been identified by US FDA, EP, or JP, disintegration tests for RDTs were performed using the USP disintegration apparatus, without disks, in water at 34°C (to simulate temperature of the tongue). Disintegration times of six tablets per batch were determined, and the mean value was entered into Design-Expert.
Hardness Test
Hardness was determined using a hardness tester (Copley TBF 1000, Nottingham, UK). The hardness values for six tablets per batch were determined, and the mean value was entered into Design-Expert.
Statistical Analysis
Generation of Disintegration Time and Hardness Models for Active Ingredients
Models were generated by Design-Expert to describe possible relationships between mixture components and compression pressures. Analysis of variance (ANOVA) was carried out for each model. R 2 , p value, lack of fit, and Adeq precision values were checked and the best model was selected. "Adeq precision" measures signal to noise ratio. The value should be greater than 4 to indicate an adequate signal and imply that the model can be used to navigate the design space. Backward elimination regression was used to remove insignificant terms (p>0.05).
Validation of Selected Models
Validation of the selected model and optimization was determined by experimental confirmation of predicted disintegration time and hardness of numerically optimized solutions. Three numerically optimized formulations for each API were chosen for validation (Table I) . Numerical optimization criteria were the minimization of disintegrant composition and minimization of predicted disintegration time. The target hardness for tablets was at least 20 N. New batches of RDTs with predicted values of input variables were prepared and output responses measured to confirm the validity of generated models.
Graphical Optimization Analysis Using Validated Models
The optimized regions within the design space were further identified based on the desired criteria of output responses. Graphical optimization option was used for this purpose, and an overlay plot was generated to depict the effect of input variables on output responses. Output response limits were required to specify for overlay plot generation. Limits specified in the software were as follows: (a) disintegration time of RDT ≤ 15 s and (b) hardness ≥ 20 N.
RESULTS
Disintegration Time and Hardness Models for Aspirin RDTs
Disintegration time of aspirin RDTs fitted best to a combined reduced quadratic x linear model (for mixture components and compression pressure, respectively). Results of ANOVA are given in Table II . The generated model reached statistical significance, with non-significant lack of fit, high Adeq precision value, and a predicted R 2 value that was in reasonable agreement with the adjusted R 2 value. Hardness of aspirin RDTs was also described by a combined reduced quadratic x linear model. The model was significant, lack of fit was non-significant, predicted R 2 value was in reasonable agreement with the adjusted R 2 value, and Adeq precision value was high.
The model that describes the relationship between USP disintegration time, tablet composition, and compression pressure is as follows:
The relationship between hardness, tablet composition, and compression pressure is described as follows:
where A = mannitol, B = MCC, C = SSG, D = CP, E = CCS, and F=pressure. 
Disintegration Time and Hardness Models for Ascorbic Acid RDTs
Disintegration of ascorbic acid RDTs had a combined reduced quadratic x linear model (Table II ). The generated model reached statistical significance, with non-significant lack of fit. The predicted R 2 value was negative, implying that the overall mean was a better predictor of disintegration time than the generated model. High Adeq precision value suggested that the model can be used to predict the desired design space. Hardness of ascorbic acid RDTs followed a combined reduced quadratic x quadratic model with desirable ANOVA results.
The equation that describes the relationship between USP disintegration time, tablet composition, and compression pressure is as follows:
Hardness, tablet composition, and compression pressure can be described by:
where A=mannitol,B=MCC,C=SSG,D=CP,E=CCS,and F= pressure.
Disintegration Time and Hardness Value Models for Ibuprofen RDTs
The disintegration behavior of ibuprofen RDTs was described by a combined reduced quadratic x quadratic model. Results of ANOVA are given in Table II . The model reached statistical significance and had nonsignificant lack of fit. The predicted R 2 value was negative. High Adeq value was achieved. Hardness of ibuprofen RDTs had a combined reduced linear x quadratic relationship. The model was statistically significant with high Adeq precision value. Lack of fit was nonsignificant, and the predicted R 2 value was in reasonable agreement with the adjusted R 2 value. The model that describes the relationship between USP disintegration time, tablet composition, and compression pressure is as follows:
The relationship between hardness, tablet composition, and compression pressure is described as follows: 
Validation of Selected Models
Models for the disintegration time of aspirin, ascorbic acid, and ibuprofen RDTs obtained were validated.
The models for hardness of aspirin and ibuprofen RDTs were validated, and that for ascorbic acid RDTs was partially validated (the actual hardness in one of the three optimized formulations was outside the predicted hardness range so the model was termed partially validated). The predicted and actual values of the validation runs are given in Table III (99% prediction interval, α = 0.01). The results confirmed that the validated models are good predictive tools. Also, output responses for input variables (within the experimental domain) could be computed and analyzed since the models were validated.
DISCUSSION
Trends found using the validated models are discussed in the discussion section below. Contour plots of variable fraction components, overlay plots of variable fraction components, and relevant trends are provided to support the discussion wherever possible.
Effects of Individual Disintegrants on RDT Disintegration
SSG and CCS have been known to result in lengthened disintegration times when used at high concentrations. This is likely due to partial gelling that potentially could form a viscous barrier and delay the entry of water into the tablet (3, 15) . Similar results were observed for aspirin, ibuprofen, and ascorbic acid RDTs for all compression pressures (88.7-354.7 MPa range). SSG was optimal at 8% in aspirin and ibuprofen RDTs, and at 6% in ascorbic acid RDTs. CCS performed best at about 7% in all three drug models. CP was also observed to demonstrate similar effects especially for aspirin and ascorbic acid RDTs. Disintegration time decreased with an increase in CP concentration, until a minimum at 8% for aspirin and ibuprofen RDTs, and 6% for ascorbic acid RDTs. The typical observed effects are presented in Fig. 1 at compression pressure 177.3 MPa. Decrease in disintegration time could also be caused by a decrease in hardness of the RDTs at that particular composition. For this particular example, the lowest hardness values (or range of values) have been included in the Fig. 1 , depicted by closed circles. Aspirin RDTs had the lowest hardness values when single disintegrant, CP was used in the range of 6.5-8.5%, SSG was used in the range of 6-8% or CCS was used in the range of 5.5-6.5%. Thus, for aspirin RDT, lowest disintegration time at a particular disintegrant composition could be due to decreased hardness value. However, for ibuprofen RDT, hardness was not low when the disintegration time decreased. Hardness was increased with increase in SSG and CCS concentrations (discussion in more details under "Effect of Disintegrant Compositions on RDT Hardness" ). Hardness was not at the lowest point when the disintegration time was low. However, hardness decreased with increase in CP and was lowest at highest CP amount. The model for hardness of ascorbic acid RDT was partially validated and therefore hardness and disintegration time relation for this RDT is not discussed.
Effect of Compression Pressure on RDT Disintegration Time
For the optimal individual disintegrant concentration (mentioned above), the effect of compression pressure on RDT disintegration time was studied. Generally, increase in compression pressure increased the disintegration time of RDT or had no significant effect on the disintegration time of RDT. This typical observed effect is presented in Fig. 2a for aspirin RDT when SSG (8%) was used as disintegrant. However, CP and CCS showed different trends in selected cases. When CP alone was used at its optimal concentration (8%), disintegration time of ibuprofen RDT decreased with increase in compression pressure (up to 177.3 MPa) and then increased again with increase in compression pressure (Fig. 2b) . This particular effect could be due to the strain recovery mechanism of CP. For ascorbic acid RDT, increase in compression pressure decreased the disintegration time when CCS and CP were used at their optimal concentrations (7 and 6%, respectively). DT disintegration time a 95% prediction interval (α=0.05) as interval could not be generated at 99% level
Synergism Between Disintegrants
It is possible for synergism to occur between disintegrants with different mechanisms of action. For example, a swelling disintegrant may be complemented by another that draws in water. Since each disintegrant has been reported to have various mechanisms of action, it is conceivable that synergism behavior would occur with concurrence of reinforcing disintegration mechanisms or improvements in the physicochemical microenvironment for rapid disintegrant action.
Synergism was observed between SSG and CP in aspirin RDTs at all modeled compression pressures from 4 to 10% of total disintegrant concentration. A typical graph depicting the synergism was presented in Fig. 3a at a compression pressure of 354.7 MPa. The swelling and wicking abilities of SSG appeared to contribute positively to the strain recovery effect of CP, decreasing total disintegration time.
A similar behavior was observed for ibuprofen RDTs between CCS and CP at 354.7 MPa compression pressure (Fig. 3b) . However, the effect was not seen at other modeled compression pressures. The effect became significant from 8 to 10% of total disintegrant concentration. Again, the viscoelastic recovery of CP under high strain might be important in synergism with CCS in this case.
Disintegrant Optimization
All tested RDTs had shorter disintegration times if CCS was used instead of SSG. Figure 4 demonstrates this effect for RDTs pressed at 177.3 MPa compression pressure. The phenomenon was more prominent at higher compression pressures. The observation showed that CCS performed as a disintegrant better than SSG under the experimental conditions used. No synergism was seen between CCS and SSG.
Ascorbic acid RDTs had improved disintegration times when MCC was used instead of SSG at all compression pressures. Figure 5a depicts the effects of SSG-MCC composite concentration on the disintegration time of ascorbic acid RDTs prepared at 354.7 MPa compression pressure. MCC provided the capillary network for water intake into the tablet. The combined effect of extensive water entry with rapid dissolution of highly soluble ascorbic acid enhanced the swelling effect of SSG. This trade-off between SSG and MCC combination was similar to that between SSG and CP. Disintegration was improved by using CP in comparison with SSG. Figure 5b depicts the effects of SSG-CP composite concentration on the disintegration time of ascorbic acid RDTs prepared at 354.7 MPa compression pressure. 
Effect of Disintegrant Compositions on RDT Hardness
Hardness of aspirin RDTs was decreased when the disintegrant proportion increased. However, a minima existed, after which hardness values increased for MCC, CCS, and SSG. Hardness was lowest in aspirin RDTs when MCC or CCS was used at 6% and when SSG was 7% (Fig. 6) . Relating the disintegration time ( Fig. 1 ) and hardness value (Fig. 6) , the disintegration time range of aspirin RDT was lowest when hardness range was low (also depicted by closed circles in Fig. 6 ). On the other hand, hardness varied linearly with disintegrant concentration in ibuprofen RDTs. CCS, SSG, and MCC increased hardness when used at higher concentrations while CP lowered hardness as the concentration was increased. For ibuprofen RDTs, disintegration time ( Fig. 1) was not reduced at lower hardness value (Fig. 6) . The decrease in hardness with CP was possibly due to the relative lack of hydrogen bonding sites, and hence, decreased the overall bond strength between tablet constituents. Cellulose excipients are generally good for hydrogen bonding. Therefore, the increase in CCS, SSG, or MCC concentrations had improved the hardness of ibuprofen RDTs (Fig. 6) .
Hardness values of aspirin RDTs were lower when MCC was combined with SSG than when with either disintegrant used alone (Fig. 7a) . Hardness was lowest when SSG was used alone as compared to MCC and CCS. The best tablet hardness values with a single component disintegrant were achieved using MCC. Ibuprofen RDTs displayed a different relationship between tablet hardness and the disintegrant concentration used. Tablets formulated with CCS had the highest hardness values, while those containing MCC or SSG had similar hardness values. Figure 7b shows the effects of MCC-CCS disintegrant composites on ibuprofen RDTs at 177.3 MPa compression pressure.
Formulation Optimization
Overlay plots of aspirin, ibuprofen, and ascorbic acid RDTs were studied to determine the disintegrant attributes and compression pressure from which robust fast disintegrating and sufficient hard tablets can be produced. For aspirin RDTs, MCC-CCS, SSG-CCS, and CP-CCS composite combinations at higher compression pressures (221.7-354.7 MPa) provided acceptable output responses. Here, the main disintegrant proposed was CCS at 4% or more. The use of other disintegrants would be optional. Figure 8a shows a sample overlay plot for aspirin RDTs depicting an acceptable region (white region) of CCS-SSG composite combination requirements at 354.7 MPa compression pressure to produce RDTs with required output responses. Areas that did not meet the feasible output response criteria are shaded gray. Overlay plots for other disintegrant composite combinations at different compression pressures can be similarly generated for aspirin RDTs. Ibuprofen RDTs had sufficient hardness even when prepared with 88.7 MPa compression pressure. Low melting point (75-77°C) of ibuprofen could be responsible for particle-particle fusion while compressing ibuprofen RDTs, leading to stronger tablets (33, 34) . The suggested single disintegrant for ibuprofen RDT was CCS (≥4.5% at compression pressure 88.7 MPa) or disintegrant composite combinations for ibuprofen RDTs were SSG-CP (compression pressure range, 88.7-239.4 MPa), MCC-CP (compression pressure range, 88.7-239.4 MPa), MCC-CCS (compression pressure range, 88.7-133 MPa), SSG-CCS (compression pressure range, 88.7-133 MPa) and CP-CCS (compression pressure range, 88.7-239.4 MPa). Figure 8b shows a sample overlay plot for ibuprofen RDTs depicting SSG-CCS composite combination requirements at 88.7 MPa compression pressure.
For ascorbic acid RDTs, any two disintegrant composite combinations (total 4.5-5%) used in the study provided acceptable output responses when compressed in the range of 177. 4-354.7 MPa. Here, the main disintegrants proposed were CCS (≥4.5%) and MCC (≥5%) which can produce acceptable ascorbic acid RDTs even when used alone. Figure 8c shows a sample overlay plot for ascorbic acid RDTs depicting MCC-CCS composite combinations requirements at 221.7 MPa compression pressure. Based upon all the overlay plot analysis, the suggested optimized combinations of each particular RDT formulations are presented in Table IV .
Analysis of any three disintegrant combinations showed that the total disintegrant amount required was similar to single or combination of two disintegrants in providing acceptable outcome responses in any of RDT formulations. Thus, either single disintegrant or combination of two disintegrants is suggested. The final decision may be considered based on relative excipient cost and product stability profiles of formulated products.
CONCLUSIONS
RDTs incorporating active ingredients of different water solubilities were investigated for the effect of different disintegrants on disintegration time and tablet hardness. DOE and RSM proved to be important and useful tools to investigate the effect of disintegrant concentrations, disintegrant combinations, and compression pressure on disintegration time and hardness of RDTs. This study serves as a model for product development based on the QbD framework with specifications of excipients in ranges within the designed acceptance space for optimal product performance. 
